Abstract: Silicon photonics has experienced phenomenal transformations over the last decade. In this paper, we present some of the notable advances in silicon-based passive and active optical interconnect components, and highlight some of our key contributions. Light is also cast on few other parallel technologies that are working in tandem with silicon-based structures, and providing unique functions not achievable with any single system acting alone. With an increasing utilization of CMOS foundries for silicon photonics fabrication, a viable path for realizing extremely low-cost integrated optoelectronics has been paved. These advances are expected to benefit several application domains in the years to come, including communication networks, sensing, and nonlinear systems. 
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Introduction
Copper based electrical interconnects have dominated short-range communication links for over four decades. However, it has become difficult for traditional copper interconnects to keep up with the surge in the data rate demand over the last decade. Optical interconnects have been widely accepted as a viable alternative to support futuristic data communication networks. Specifically, silicon based optical interconnects have received a lot of attention in the recent past [1, 2] . Pioneering work in investigating silicon as an optical waveguide material was performed in the late 1980's [3] [4] [5] . The development of silicon-on-insulator (SOI) platform for optical device development (few hundred nanometers of single crystal silicon layer on top of a few micron thick buried oxide -BOX layer) has sparked renewed interest in silicon photonics technology, and a number of research groups have actively been involved worldwide since. The large refractive index contrast between silicon (n Si~3 .47) and SiO 2 (n SiO2~1 .45), and their optical transparency in the 1.55μm wavelength window enables ultracompact device dimensions suitable for large-scale, high density integration on a chip. Additionally, the increasing availability of complementary metal-oxide-semiconductor (CMOS) photonic foundries, development of component libraries, and integration capability with microelectronics promises low-cost development of devices compared to other material technologies [6] .
In this paper, we aim to provide an overview of recent progress in silicon based passive and active optical interconnect components, and highlight some of our research contributions. Although an entire plethora of different components fall under the umbrella of silicon photonics, we will discuss some of the basic "building block" devices, including fiber-to-chip light couplers, power splitters, optical modulators, and photodetectors. Due to the wide scope of the subject, only silicon-based components are discussed. The interested reader may find additional reading material on the advances in silicon nitride, plasmonics, graphene optoelectronics, and other closely related technologies elsewhere. The paper is organized as the following: the passive optical interconnects, such as fiber-to-chip light couplers, power splitter, polarization splitters, waveguide crossings, and filters are discussed first in Section 2. In Section 3, we discuss active optical interconnects, such as modulators, switches, and photodetectors. Some examples of complex circuitries formed using these basic components are presented. In Section 4, we provide brief details on some of the complementary technologies that are working in tandem with the silicon photonics technology, and helping shape the optical interconnects domain. In Section 5, we will provide a future projection of the silicon-based optical interconnect technology and conclude the paper.
Passive optical interconnect components
SOI is an ideal platform for the development of passive optical interconnects. Due to optical transparency of silicon in the telecommunication window, low-loss guidance of light is achievable. Consequently, several low-loss and compact passive optical interconnects have been possible. Most relevant components are discussed below:
Fiber-to-chip light couplers
Scattering loss [7] due to fabrication imperfections and coupling losses represent two major sources for losses in nanophotonic waveguide systems. Utilizing precise fabrication tools, the scattering loss can be minimized to below 1dB [8] . Coupling loss remains to be the most dominant source in the system insertion loss. The severe modal field and effective index mismatch between the nanoscale silicon single mode waveguides and a conventional single mode fiber (SMF) with a mode-field diameter (MFD) of about 11μm, makes coupling light into and out of the high index contrast waveguides a non-trivial problem. A direct butt coupling between an SMF and a silicon waveguide induces typical coupling losses between 16-20dB, making this method far from acceptable for practical devices. From the aspects of coupling efficiency, bandwidth, polarization sensitivity, and CMOS-compatibility, two approaches -the inverse taper approach and the grating coupler approach are widely popular.
Inverse tapers, which rely on adiabatically expanding the mode of the silicon waveguide, and simultaneously reducing the effective index to match with that of tapered fibers have been extensively investigated [9] . A schematic of an inverse taper is shown in Fig. 1(a) .The singlestage inverse tapers by themselves are not able to provide efficient coupling into standard SMF, since the mode cannot be expanded sufficiently to match that of SMF. Hence, most single-stage inverse tapers have relied on utilizing low MFD (4.9μm) fibers, and using which coupling losses as low as 0.5dB has been achieved [10] . However, the challenges of reliably reproducing sub-100nm tips, controlling the precise distance between a lensed fiber and the tip, and the utilization of lensed fibers, makes this approach less attractive for high-density optical interconnect packaging. Modified approaches, usually involving the deposition of a low-index material overlay over the inverse taper [11] [12] [13] , have demonstrated <1dB coupling loss to an SMF [14, 15] , however, with an added cost penalty due to increased complexity in the fabrication process. Still, the high bandwidth offered by these tapers, and their polarization independent operation justifies their use for communication network applications. Grating couplers have been around for a long time [16, 17] . They rely on the effective phase matching between the fiber mode and the guided mode in the silicon waveguide, and thus inherently suffer from smaller bandwidth operation. However, the utilization of low cost SMF and near surface-normal placement of fibers, enables in-line probing a device placed anywhere on the chip, a feature not achievable with the aforementioned edge-coupling options. A relatively straightforward grating coupler consists of through-etched trenches in silicon. However, severe Fresnel reflections at the air:silicon interface limits the coupling efficiency of even an optimized design to a theoretical maximum of about 49% with a 3dB bandwidth of 35nm [18] . It may be possible to back-fill the trenches with a high index material to reduce the problem, however the choice of such materials is very limited. Alternatively, shallow-etched grating couplers, in which the grating trenches are only etched few tens of nm from the top surface, have been developed to alleviate the reflection issue and improve coupling into the waveguides. A schematic of a shallow-etched grating coupler is shown in Fig. 1(b) . Additionally, through apodization, high coupling efficiencies up to 70% have been achieved. Furthermore, methods to increase directionality such as utilizing embedding metal mirrors and using polysilicon overlay have been demonstrated to further improve the efficiency to over 80% <1dB [17, [19] [20] [21] . However, these techniques utilize multiple processing steps, thus providing no cost benefit over the inverse tapers.
A different kind of a through-etched grating coupler utilizing subwavelength artificial material has recently been gaining popularity [22] . In 2006, Cheben et al. proposed the use of such couplers for coupling light between large MFD fibers and nanophotonic waveguides [22] . Coupling efficiencies as large as 77% were theoretically estimated. Consequently, such grating couplers have been investigated and optimized by several research groups [23] [24] [25] [26] [27] . A typical subwavelength material is shown in Fig. 2 .
By appropriately choosing the width (W sub ), length (L sub ), and pitch (Λ sub ), any refractive index (n sub ) between that of silicon and the material filling the trenches can be obtained, according to [28] Equations (2.1) and (2.2) provide the flexibility in tuning the refractive index of the structure. Therefore, it should be possible to design structures that provide polarization splitting, as well as polarization insensitive operation. In [30] , the authors reported a compact polarization splitter with an extinction ratio of 18dB by making use of different refractive indices of the structure in orthogonal directions. In [31], the authors utilized an optimized structure, which yielded 24dB isolation. Such components can help integrate several unique device architectures on a single chip. Polarization insensitive operation will further boost the data rates per unit area on the chip. Traditional grating designs usually rely on a single polarization state of light. The 2D geometry of subwavelength holes allows for unique design architectures that couple both polarizations from a fiber into a waveguide, and polarization independent operation has also been reported using such SWG couplers [32, 33] . For example, in [33], a −3.2 dB coupling efficiency with:28 nm 1 dB bandwidth, and −4.3dB coupling efficiency with ~58nm 1dB bandwidth were achieved for TM and TE polarizations, respectively. The 1dB bandwidth of a grating coupler is given by [34]
where n c is the top cladding refractive index (usually air), Λ G is the period of the grating, θ is the angle of the fiber relative to the surface normal of the chip, η 1dB is a fiber related constant, and neff(λ)/dλ is the waveguide dispersion, which usually has a negative sign. The bandwidth can be increased by increasing Λ G and/or decreasing neff(λ)/dλ. The dispersion can be manipulated easily due to the subwavelength network [35-37], and 1dB bandwidth > 220nm has been reported [32]. . Both of these couplers have also been designed to achieve polarization-independent operation for integrated circuits [49, 50] . Considering an N-output splitter, where N is > 1, the latter provides a compact footprint and efficient utilization of the chip area, compared to the former that utilizes a cascaded 2x2 structure, thus suitable for large scale integrated circuits. 
Power dividers
where, β m is the propagation constant of the m th mode, λ 0 is the free-space wavelength. Κ xm is the lateral wavenumber of the m th mode given as κ xm = π(m + 1)/W e , where W e is the effective width including the penetration depth due to the Goose-Hahnchen shift [52] .
In the theory of self imaging, β m is approximated from Eq.
where, L π = π/(β 0 -β 1 )≈4n eff,1D W e 2 /3λ 0 . In the case of symmetric excitation, such as a 1xN coupler excited by the fundamental mode of the input waveguide, using the approximation in Eq. (2), one can show that the required length for such a coupler is L MMI = 3iL π /4N, where i is an integer. In general, as N increases, the output uniformity degrades. In [53] , it was shown that for symmetric 1xN MMIs, the optimum access waveguide width (W w,opt ) achieving output uniformity and minimizing the insertion loss is given as In addition to uniform output power ratios, unequal and variable power splitting can also be achieved. Utilizing cascaded 2x2 MMI architecture, and introducing a phase shift between the two MMIs, it has been shown that it is possible to achieve any desired splitting ratio at the output, thus providing an additional degree of freedom in design of other components, such as power taps, filters [54-58].
Polarization splitters
Integrated polarization splitters (PS) are key optical interconnect components that enable the utilization of both polarization components on the same chip [59] . Grating based polarization splitters, as outlined in Section 2.1 and schematically shown in Fig. 5(a) , however, a long coupling length (>100μm) is required for fabrication-tolerant operation. MMI-based components, with dimensions <10μm, are more suitable for high-density optical interconnect applications. A schematic of a simple MMI-based polarization splitter is shown in Fig. 5(b) . Such structures usually require a long MMI length in order to satisfy the imaging conditions to be suitable for splitting the two polarizations into the two different output ports. An ultra-compact submicron PS was demonstrated by Hosseini et al. [67] . A flare design was employed in order to achieve polarization splitting within one beat-length of the structure. A schematic of the PS is shown in Fig. 6(a) . For this two-mode interference device, the input and output access waveguide width was
, and L TMI = 0.94μm). SEM image of a fabricated device is shown in Fig. 6(b) . The fabricated 0.94 μm long 2 × 2 TMI demonstrated a splitting ratio >15 dB over 50 nm bandwidth. Fabrication tolerance analysis showed that the device was tolerant to fabrication errors as large as 60 nm. 
Waveguide crossings
Contrary to conventional electronic circuits that enjoy multilayer metal interconnection, photonic circuits are mostly planar due to cost and mode confinement reasons. Therefore, as the optical interconnect component density increases on a chip, waveguide crossings become inevitable. A simple crossing between two single mode silicon waveguides on SOI can lead to disastrous effects [70] [71] [72] . One optical interconnect layer can be equivalent to multiple layers of the electrical counterpart. This provides a viable approach to enhance the interconnect density per unit area.
Several approaches have been proposed to reduce the crossing loss and crosstalk, including polymer and silicon nitride waveguide vertical overlay on inverse tapers [73, 74] , subwavelength gratings [70], multimode-interference (MMI) [71, [75] [76] [77] , Bloch waves [78, 79] , and adiabatic tapers [80, 81] . While the vertical overlay approach, relying on mode expansion, provides about 0.02dB/crossing loss, the large size, complexity in fabrication and its associated high costs do not provide a very practical approach for a mostly planar circuit problem. The subwavelength grating relies on reducing the effective index close to the crossing, however, the long index tapers still do not provide a practical solution although loss <0.02dB/crossing has been reported [70] . The other approaches rely on self-imaging concept in MMIs along to either excite a forward propagating low-loss Bloch mode [78] , or engineer an adiabatic mode convergence at that point of crossing [80, 81] . Utilizing such designs, 0.032dB and 0.027dB loss per crossing, respectively, have been demonstrated with crosstalk in excess of −35dB in both cases. In [79] , a subwavelength structure was also incorporated around the crossing region in order to reduce the modal phase errors, and crossing loss as low as 0.019dB per crossing with crosstalk better than −40dB was achieved. SEM images of fabricated crossings are shown in Figs. 7(a) and 7(b) . The duty cycle of the subwavelength structure was fixed at 0.5, and the parameters were chosen in order to achieve an effective index of 2.5 around the waveguide crossing. Figure 7(c) shows an array of 101x101 waveguide crossings. Such low-loss crossing will be beneficial components in high-density photonic integrated circuits. 
Optical filters
Optical filters are extensively used in optical interconnect systems, and find useful applications in signal processing, signal routing, signal monitoring, and wavelength division multiplexing (WDM). The most common types of filters demonstrated are resonance type, such as Arrayed waveguide gratings (AWG) [82] [83] [84] [85] [86] , Fabry-Perot [87] [88] [89] , ring resonators [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] , photonic crystal microcavity [100] [101] [102] , multimode interference (MMI) [103, 104] . AWGs can provide a very large channel count and have been very popular. In [86] , a 25GHz channel spacing, 512 × 512 arrayed waveguide grating router (AWGR) was demonstrated, with a measured crosstalk of −4dB. The device occupies an area of 16mm x 11mm. Microring resonators and microcavity designs can enable extremely compact structures. For example, in [101] , utilizing an ultracompact cavity (modal volume of 0.6(λ/n) 3 ) formed using a set of periodic holes on a waveguide, Q factors > 58,000 over a spectral range of 40nm were demonstrated. Recently, in [99] , and 8-channel reconfigurable add/drop filters with channel spacing of 100GHz and 50GHz was demonstrated. In addition to the above SOI platform demonstrations, using a CMOS process, high Q (up to 60,000) photonic crystal microresonators have also been demonstrated using polysilicon [105] , thus showing the feasibility of developing these components at extremely low cost and in large-scale in the future.
Active optical interconnect components

Optical switch
An optical switch has numerous applications, including add/drop multiplexing, by pass switching in the event of a network failure or network jam, packet switching, etc. Plasmadispersion effect and thermo-optic effect are two predominant mechanisms used in siliconbased optical switching. The switches based on plasma-dispersion effect provide low-power operation with very fast (<10ns) switching speeds. However, the introduction of dopants induces additional propagation loss. Nevertheless, sub-mW switching power has been demonstrated with an MZI arm length of 4mm [106] . In [107] , a 4x4 non-blocking switching network was demonstrated in an area of 300μmx1600μm, with an average power consumption <15mW and operating at 40Gbps. In [108] , a 50μmx400μm 2x2 electro-optical switch was demonstrated. The switch exhibited 110nm optical bandwidth, 3.1mW power consumption, and <4ns switching time.
On the other hand, silicon has a very large thermo-optic (TO) coefficient (~1.8 x 10 −4 /K @1.55μm wavelength) [109] , and thus, very compact, low-loss, and low-power switches based on MZI and ring resonator structures, schematically shown in Figs. 8(a) and 8(b), have been developed. Traditionally, a thick silicon dioxide spacer layer is utilized to avoid the optical mode to interact with the metal heaters placed directly over the waveguide [110] [111] [112] [113] . Compared to ring resonator based devices, MZI devices offer a larger bandwidth, thus making them a popular choice for optical switching applications. However, the maximum extinction ratio achievable from the traditional 2x2 MZI-based structures is limited to about 20-25dB arising from small phase errors in the two arms, leading to non-zero power output in the OFF state. For example, in [114] , a 4x4 non-blocking switch network was demonstrated with sub-microsecond switching, with ~200mW power consumption. However, the extinction ratio was only 21dB. Extinction ratios in excess of 35dB are required in order to minimize system penalty [115] . It has been demonstrated that by utilizing a double MZI structure, over 60dB extinction can be achieved [115] . However, the power consumption in the ON and the OFF states were as high as 1.06W and 0.134W, respectively. For the 8x8 configuration, a very high power of 16W was required. Recently, in [113] , the authors demonstrate over 50dB extinction ratio using a double-MZI structure, with a reduced power consumption of ~40mW.
Although the above heater configuration is simple, the thick SiO 2 spacer causes a few issues such as increased power for switching (>25mW), poor heat dissipation, and lower switching speeds due to diffusion time of heat through the spacer. In order to circumvent this problem, in [44, 116] , the authors integrated the heater in the same layer as the silicon switch via n-doping. By incorporating an adiabatic structure in a bending structure, the optical mode was separated from the doped resistive region. A compact (311μm x 14μm) 2x2 TO switch, with 12.7mW switching power and a response time of 5.4μs was demonstrated, with a measured extinction ratio limited to about 20dB. In [117] , NiSi based heaters were integrated on a thin slab laterally connecting the waveguide, and a power consumption of 20mW, with a 2.8μs switching time was reported. In [118] , a 61.6μm long phase shifter with p-type doped distributed heaters was incorporated within an MZI structure, and π phase shift was achieved at an electrical power consumption of ~25mW.
Since the late 1990's, photonic crystal [119, 120] based structures [120, 121] have shown unique capabilities for TO switch development [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] . Additionally, slow-light effect in photonic crystal waveguide (PCW) based devices [132] , can significantly increase lightmatter interaction, thereby enabling compact TO switch structures. In 2007, Gu et al., demonstrated an 80μm long Mach-Zehnder Interferometer TO switch [125] . A schematic of the structure is shown in Fig. 9(a) . A microscope image of the fabricated structure, and the SEM images of sections of the switch are shown in Figs. 9(b)-9(d) . By incorporating a microheater adjacent to a PCW arm, 20μs average switching time, and 80mW power consumption was demonstrated.
Recently, in 2009, Beggs [123] et al., demonstrated an ultrashort 4.9μm long directional coupler based TO switch, with a response time of 20μs. In [133] , a 10 μm x 10 μm photonic crystal switch was demonstrated, with 400 μs switching time, and a 30dB extinction ratio. 
Optical modulators
Optical modulators are perhaps the most fundamental active components in any optical interconnect based system. An extensive review on silicon optical modulators can be found in [134] .
Since silicon does not possess a linear electro-optic coefficient (Pockels effect), it is inherently a poor material for developing high-speed modulators. Although plasma-dispersion effect [4] is a weak index perturbation method, it provides fast-enough response for achieving high-speed operation [135] . Utilizing this effect, high-speed silicon modulators have received widespread attention. Intel demonstrated the first Gbps modulator in 2004-2005 [136, 137] utilizing a MOS capacitor in a silicon rib-waveguide structure. The long arm length of 13mm, resulting from a weak overlap between the optical mode and the carrier injection region, is not practical for high-density optical interconnect applications. Later, micrometer dimension structures were shown possible in 2005 [138, 139] through increasing mode confinement inside the carrier injection region. In [138] , a 1.5Gbps operation in a 12μm diameter ring resonator based modulator was demonstrated. These structures utilized p-i-n configurations in carrier injection mode, which is inherently slower (limited by carrier recombination time) compared to the MOS structure [140] . Schematics of microring resonator and MZI-based modulator structures are shown in Figs. 10(a) and 10(b) . In order to achieve >10Gbps, and up to 50Gbps operation, pre-emphasis of electrical signal is required [141] [142] [143] [144] in order to compensate for the frequency response, since the frequency response of the forward -biased p-i-n structures rapidly degrades beyond about 1GHz (limited by carrier lifetime and carrier diffusion time). Extraction of carriers is a much faster process, with <2ps estimated fall/rise time [145] , and consequently p-i-n and p-n junctions operating in reverse bias have been widely explored [146] [147] [148] [149] [150] . High-speed operation of about 50Gbps has been demonstrated [151] [152] [153] . Recently, 60Gbps operation was demonstrated by optimizing the doping profile in a 750μm long phase shifter [154] . A review of high-speed modulators based on reverse-bias operation is provided in [155] . Low power consumption of 3fJ/bit has been demonstrated. The V π L (figure-of-merit) of reverse biased p-n modulators is usually much higher than forward biased p-i-n modulators due to high doping concentration in the region overlapping with the optical mode. Through the use of slow-light effect in PCWs, ultra-compact modulators beyond those achievable using the conventional designs mentioned above are possible. For example, in [139, 156] , utilizing the extraordinary dispersion in a photonic crystal waveguide, 1GHz operation in an MZM was demonstrated with an arm length of 80μm. By optimizing the device structure, 2GHz operation was demonstrated in [157] , with a very low V π L of 0.0464 V⋅mm. A picture showing the schematic layout of the modulator is shown in Fig. 11(a) . Figures 11(b) and 11(c) show the SEM images of the PCW region. Recently, Baba et al. [144, [158] [159] [160] demonstrated 10Gbps and 40Gbps operations in 50μm and 90μm long PCW devices, respectively. Operating in a band-shifting configuration, A. Opheij et al., demonstrated an ultra-compact 3um long modulator using optically pumped carrier injection method [161] . A 95 ps carrier decay time was estimated, with future projections leading up to 40Gbps through electrical injection methods.
Strained silicon has also been looked into as a potential candidate for developing optical modulators, since an asymmetric strain can induce Pockels effect [162, 163] . This can potentially lead to the development of a linear EO modulator in silicon, thus avoiding deleterious effects of doping on loss. In 2011, Chmielak et al., demonstrated the first modulator based on strained silicon [164] . A silicon nitride layer was deposited on rib waveguide structure to generate an asymmetric strain. A published χ (2) of 122pm/V was demonstrated, which is about a third of that in LiNbO 3 (~360pm/V). Through further optimizing the device structural parameters, χ (2) of 336pm/V was demonstrated, corresponding to an electro-optic coefficient of 2.2pm/V [165] . Further research into this effect and investigation of new device structures may lead to the development of low-loss, linear modulators.
SiGe electro-absorption modulators based on Franz-Keldysh effect have been gaining rapid significance over the last few years, owing to their small device foot print, ultra-low energy consumption, and CMOS compatibility [166] [167] [168] [169] [170] . In such modulators, the optical mode is evanescently coupled into a Ge absorption layer from a Si waveguide through a taper section. By controlling the optical absorption in Ge through an applied voltage, intensity modulation is achieved. In 2008, Liu et al., demonstrated the first waveguide-integrated modulator, with a device footprint of 30μm 2 and an energy consumption of 50fJ/bit [166] . A 3-dB bandwidth of 1.2GHz was demonstrated. In Lim et al., monolithic integration of SiGe modulator with Ge photodiodes, and operation up to 1.25Gbps was demonstrated [170] . While these EA modulators provide compact footprints (<20μm 2 ) compared to some other Si modulators based on p-i-n and p-n structures, the insertion loss even when no voltage is applied is larger due to the intrinsic GeSi absorption loss, leading to typical insertion loss values in the range of 5-10dB. The PCW modulators are comparable in footprint and operating speed, and do not need additional processing steps such as Ge epitaxial growth or deposition, however, they are intrinsically narrowband compared to EA modulators. We believe that over time, some of the abovementioned configurations will be standardized for specific applications. Furthermore, it would be noteworthy to mention that in the recent times, there has also been significant advances in the development of SiGe modulators on 3μm SOI platform [171, 172] . The large cross section has shown modest performance for certain devices, and is an active area of research [171] [172] [173] [174] .
Photodetectors
Ironically, a material that is required to function as a low-loss waveguiding material, cannot simultaneously be used for photodetectors (PD). Hence, germanium or III-V detectors have either been directly developed or bonded on top of silicon waveguides [175] [176] [177] [178] [179] [180] . Several discrete Ge-on-Si PDs have been demonstrated in spite of the difficulties in growing germanium on SOI [178, [181] [182] [183] [184] [185] . In [178] , a 42GHz bandwidth Ge-on-Si PD was reported. Foundries have been increasing adopting the utilization of germanium growth in their process flow in order to integrate silicon based high-speed modulators together with Ge-based detectors on a single SOI platform [186] [187] [188] . A 25Gbps silicon modulator-germanium photodetector integrated circuit comprising of a Ge layer grown on top of SOI wafer utilizing CMOS compatible process was reported in [177] .
It has been shown that by intentionally damaging the silicon lattice by ion implantation, mid band-gap energy levels are introduced which can enhance absorption of light in the telecommunication window [189] . Such ion-implanted photodetectors have been demonstrated with reasonable responsivities [189] [190] [191] [192] . In photonics integration, care must be taken in order for the devices not to undergo any post-processing at temperatures exceeding 150°C since the defects tend to anneal out, causing the effect to fade away.
Complementary technologies on silicon platform
It is clear that silicon photonics has advanced by leaps and bounds over the last decade, and we can expect increasing number of integrated photonic chips in the near future entering the market. In this section, we will first review some of the parallel technology developments that can play an important role in shaping the future of silicon-based optical interconnects.
Although silicon based modulators have demonstrated high speed operation, achieving low-power, >100GHz operation will be very challenging based on current Si-only architectures. Electro-optic polymers have shown to possess very high electro-optic coefficient, and over 100GHz modulators have been demonstrated [193] [194] [195] . By incorporating such polymers, within silicon photonic structures, several interesting modulator devices have been realized [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] . In [204] a 42.7Gbps modulator was demonstrated utilizing silicon-organic hybrid structure. In [205] a modulator with a record low driving voltage of Vπ< 200 mV at 10 GHz was achieved. In [202] , up to 84Gbps BPSK modulation was demonstrated. By combining the slow-light effect in photonic crystal waveguides, large confinement within a sub-wavelength slot, and the large EO coefficient of the polymers, ultracompact modulators can be achieved [199, 203, 207] . In [200] , utilizing such a modulator configuration, sub-volt operation and a V π L of 0.282V.mm was demonstrated, corresponding to a record-high effective in-device r 33 of 1230pm/V. A 43GHz modulation speed was experimentally demonstrated [200] . SEM images of the fabricated device are shown in Figs.  12(a)-12(d) . The measured modulation index as a function of frequency is shown in Fig.  12(e) . Recently L. Alloatti et al., demonstrated a 100GHz modulator in an EO polymer filled silicon slot waveguide [208] . A backgate structure was utilized to improve the RC constant [204] . Such a silicon:organic hybrid technology holds tremendous potential for realizing ultrahigh speed optical interconnect components in the future.
Silicon-hybrid plasmonic optical interconnects is another rapidly evolving technology. Due to the reduction of mode size much below the diffraction limit, extremely compact devices (sub-100nm dimensions) can be realized [209] [210] [211] [212] [213] . Several passive and active components have been proposed and demonstrated, including power splitters [214, 215] and polarization splitters/converters [216] [217] [218] [219] [220] [221] , microring resonators [222] [223] [224] [225] , modulators [226] [227] [228] [229] [230] [231] , switch [232] . A review on recent developments can be found in [233] . In [229] , by combining a plasmonic waveguide with nonlinear polymer, a 29μm long 40Gbps phase modulator was demonstrated. Although plasmonics can achieve very dense integration, one of the main concerns is the high loss (~1-2dB/μm) associated with the waveguides. Active work is currently being pursued in exploring new materials, including copper, titanium nitride, etc for reducing the loss [224, 227, 243, 235] , which may lead to a good compromise between loss and device size in the future. Graphene-Si photonics has also recently started gaining momentum, due to extraordinary electronic properties and 97% optical transparency [236] . Some of the explored applications of graphene on SOI platform include increasing grating coupler bandwidth [237] , modulators [238] , and photodetectors [239] [240] [241] [242] .
These and several other emerging technologies including Si 3 N 4 devices on SOI platform [243] [244] [245] [246] , which we could not discuss due to the scope of this paper, are fully compatible with the various passive and active optical interconnect components and processing techniques. Thus, high-density integrated circuits with unique functions are capable, which cannot be achieved by SOI alone.
From the viewpoint of bandwidth density in purely SOI-based systems, the capacity of optical waveguides is determined by the waveguide geometry and index contrast between the waveguide core and the cladding. CMOS-compatible single mode silicon waveguides have submicron waveguide dimensions due to the high index contrast between silicon and its cladding material. Nevertheless, traditional silicon waveguide array is still designed with a pitch few wavelengths to avoid crosstalk, which greatly limits the integration density for parallel transmission. Multiple-input multiple-output (MIMO) technique, which has been extensively used in wireless communications for a long time, shows that it is possible to make use of the crosstalk to improve the system performance instead of avoiding it. The multiple transmitter and receiver configuration significantly improves system capacity and error probability over traditional single-input single-output systems (SISO) or single-input multiple-output (SIMO) systems. We numerically studied a 10 × 10 MIMO system with waveguide spacing of 250 nm and demonstrated the possibility of data transmission at 10 Gbps/channel from high density waveguide array with eminent crosstalk. The minimum input optical power for the BER of 10 −12 can reach −18.1 dBm. The maximum tolerance of the phase shift between input laser and local oscillator can be as large as 73.5°. Compared to the conventional parallel waveguides with 2μm pitch, the bandwidth density can be improved from 5 to 13.33 Gbit/μm/s at 10 Gbps.
Concluding remarks
In this paper, we have attempted to review some of the recent advances in silicon-based passive and active optical interconnect components. We have limited our review to a few components from a vast base of available interconnect component library, due to the wide scope of the subject. Recent progress on some of the key silicon-based optical interconnect components, such as light couplers, power splitters, polarization splitters, optical filters, switches, modulators, and photodetectors are provided. Specifically, there has been a rapid boost in the active component development, owing to some key demonstrations in the early 2000s. Integrated systems with >25Gbps operation have been developed.
Alongside this positive trend, several newly emerging complementary technologies, such as plasmonic-based technology, Si:organic hybrid technology, graphene:Si hybrid technology, and Si 3 N 4 -on-Si-based technology, all promise to positively impact the interconnects industry.
Furthermore, the increasing utilization of conventional electronic foundries for developing photonic devices has been one single major advance that lends a lot of support to the photonics fraternity. Utilizing these mature CMOS processes, extremely low-cost siliconbased optoelectronic integrated circuits are expected to become a reality in the not-to-distant future. The technology seems to be heading in the right direction, and several closely related fields, such as nonlinear optics, on-chip chemical/biomedical sensing, will also benefit and grow accordingly.
